ABSTRACT. Application of mesoporous silica nanoparticles as antifouling/antibacterial carriers is limited and specifically with dual synergetic effect. In the present work, mesoporous silica nanoparticles (MSNs) modified with quaternary ammonium salts (QASs) and loaded with the biocide Parmetol S15 were synthesised as functional fillers for antifouling/antibacterial coatings.
Introduction
The definition of biofouling or biological fouling is the accumulation of microorganisms, plants, algae or animals on wetted surfaces. From the first minute of immersion of a clean surface in natural seawater, it immediately starts to adsorb a molecular conditioning film consisted of dissolved organic materials 1 . After that initial stage, the surface colonisation by a wide range of organisms depends on their relative rate of attachment and surface exploitation . 1, 2 According to the literature, surface colonisation follows a linear "successional model" in which biofilm formation starts within a week by spores of macroalgae (seaweeds), fungi and protozoa and after that within several weeks by larvae of invertebrates such as barnacles . 3, 4 This classical view is a simplification as motile spores of seaweeds are capable of settling within minutes on a clean surface and larvae of some species of barnacles or bryozoans settle within a few hours of immersion. 1 The distinction between the different fouling stages comprises "microfouling", "soft macrofouling" and "hard macrofouling". Microfouling usually referred to microorganisms such as protozoa, bacteria and diatoms, forming complex biofilms during the first 24 h of immersion. Soft macrofouling comprising the formation of microscopically visible algae, seaweeds and invertebrates such as soft sponges, corals, tunicates and anemones after 2 or 3 weeks of immersion. Hard macrofouling refers to the colonisation of mussels, barnacles, ascidians, etc.
Biofouling has serious effects in various sectors of maritime industry. It is the main expense of maintenance for any immersed man-made surface such as buoys, membrane bioreactors and 4 desalination units, power plants' cooling water systems and oil pipelines. Furthermore, it has significant effects on the aquaculture industry especially in marine finfish aquaculture where the use of sea cages is necessary. In the ship industry, the adhesion of marine algae and barnacles on the hulls of the ships makes them rough and causes increased erosion, reduction of speed, increased fuel consumption (up to 40%) and, consequently, increases the air pollution and CO 2 emission. 5, 6 As the diversity of fouling organisms is vast and the range of adhesion mechanisms correspondingly broad, it is a major challenge the creation of an effective fouling resistant coating.
The majority of the coatings in the past were biocide-based self-polishing coatings and their main component was the tributyltin (TBT), an efficient and versatile biocide. 7 The main applications of this biocide were for wood preservation, antifungal applications in industrial processes, marine antifoulings and as pesticides. However, due to their toxicity to humans and International Maritime Organization. 8, 9 Subsequently, antifouling manufacturers have been forced to urgently develop new and more environmentally friendly antifouling paints. Almost all the antifouling paints today contain copper as their primary active ingredient which is well known for more than 2000 years from ancient years. Since 300 B.C., Greeks and Romans used copper in the bronze-shod rams of their warships and copper nails to secure the lead sheathing. 7, 10 To date, the working principle of the most of paint systems applied is based on slow release of biocide compounds. This operating principle has drawbacks for the paint systems 11 . Usually, the 5 main active ingredient dissolves away and the paint loses its effectiveness but the binder stays behind. 7 Furthermore, as more coats are applied, the dead binder layers get thicker and thicker until they start to flake off in large chunks. Thus, it is very difficult and expensive to remove the old paint, and as a consequence, this type of coatings has been put aside. In addition, the antifouling release materials like perfluorinated or silane containing compounds were directly introduced into the coating thereby influencing other coating properties like corrosion protection.
One approach to eliminate some of these drawbacks is the encapsulation, a methodology that has been applied into effective delivery systems for various applications in biotechnology, energy storage systems, protection against corrosion, pharmaceutics and food industry. [12] [13] [14] Commonly used technologies to encapsulate small molecules such as biocides include the Layer-by-Layer method and physical adsorption into porous materials. [15] [16] [17] By using proper carriers for encapsulation, it is possible to decrease and control the release rate of biocides and provide an effective protection from the surrounding environment. 18, 19 The quaternary ammonium salts (QASs) have been indexed as antimicrobial compounds for more than 70 years. 20, 21 They have been used against the growth of a broad range of microorganisms in several applications including food and pharmaceutical products, antiseptics, disinfectants, biocides, fungicides, cosmetics and water treatment. 22, 23 The QASs are positively charged cationic compounds and the bacterial cell membranes are negatively charged. As a consequence of electrostatic interactions, the QASs can be adsorbed on the cell surfaces and diffuse through the cell wall. The next step is their binding to the cytoplasmic membrane causing its disruption and release of K + ions and constituents of the cytoplasmic membrane which leads to cell death. 24, 25 The effectiveness of the QASs in killing a wide range of microorganisms as antimicrobial agents attracted the interest of scientists. In several studies, QAS were used to 6 functionalise surfaces of different materials as antimicrobial treatment. [24] [25] [26] [27] [28] PVC panels were coated with the synthesised paints and after five months of exposure in real seawater conditions the biofouling coverage was significantly lower compared to the panels coated with the biocide-free pristine paint.
Results and discussion
Synthesis and characterisation of MCM-48. MCM-48 spherical MSNs were chosen as carriers for the antifouling/antibacterial compounds. MCM-48 can be easily functionalised as they exhibit high surface reactivity due to the existence of the hydroxyl groups on their surface.
In addition, their interwoven, branched 3D mesoporous structure makes them excellent candidates for the loading and release of biocides. For the synthesis of the MSNs was used the modified Stöber's method as reported in Schumacher et al. 31, 32 The powder XRD spectrum of the synthesised MCM-48 after calcination is similar to the literature data ( Figure 1 ). 31 The samples exhibit five Bragg diffraction peaks in the range 2θ= 1.5-10° which correspond to the planes (211), (220), (421), (332) and (431). The diffraction peaks can be assigned to the typical cubic space group Ia3d characteristic for mesoporous materials with 3D cubic structure. The planes (211) and (220) are intense and sharp which is an indication of high ordering of our synthesised MCM-48.
The low-temperature nitrogen isotherms can provide accurate and reliable information associated with the specific surface area and the quality of the mesoporous structure of solid materials. 34 The sample presented type IV isotherm according to the Brunauer-Deming-DemingTeller classification which is characteristic for MCM-41 and MCM-48 mesoporous materials. 35 9
From the adsorption and desorption isotherm no hysteresis was observed and they showed a sharp capillary condensation step which provides information for uniform pore channels and narrow pore size distribution ( Figure S1a) . [36] [37] [38] [39] The specific surface area was calculated according to the Brunauer -Emmett -Teller (BET) method and the mesoporous MCM-48
samples exhibited high values of S BET in a range from 1180 to 1300 m 2 /g. 40 The pore size distribution and the total pore volume of the synthesised MCM-48 materials were calculated from the nitrogen adsorption isotherms by using the nonlocal density functional theory (NLDFT) method. [41] [42] [43] It has been well documented that the NLDFT model is more accurate and rigorous approach for the interpretation of the nitrogen isotherms and the calculation of mesoporous structure properties for MCM-48 materials. 31, 32, 44, 45 The synthesised MCM-48 material presented high total pore volume of 0.8 cm 3 /g at 0.99 relative pressure. Furthermore, the material under study exhibited narrow pore size distribution as expected due to the sharp capillary condensation step ( Figure S1b ). The average pore diameter is 3.2 nm as calculated from the NLDFT method.
Scanning electron microscopy (SEM) was used to observe the morphology of the samples. The SEM images of the mesoporous MCM-48 after calcination at 550 o C are shown in Figure 2 . The samples showed spherical morphology in the range of 150-600 nm. In the reaction mixture, the presence of ammonia works as a morphological catalyst responsible for the spherical size of the particles. 46 As can been seen from the SEM images, some of the particles are aggregated and fused together but most of them are single monodispersed particles. However, the QAS-modified samples showed three additional peaks. These peaks represent the alkyl chain of the QASs and prove that the silica nanoparticle was successfully decorated by QAS. The peak at 1465 cm -1 corresponds to the C-H bending vibration and the peaks at 2850 and 2950 cm -1 correspond to the C-H stretching. Furthermore, the broad -OH peak at 3400 cm -1 for the pristine MCM-48 is more intense compared to the QAS-modified MCM-48 because of the free -OH groups on the surface and within the pore channel system of pristine MCM-48. There is also a significant reduction in the intensity of the O-H peak in the QAS-modified MCM-48 spectra (Supporting Information, Figure S2) . Therefore, the H-O-H bending vibration (1635 cm -1 ) and -OH stretching (3400 cm -1 ) for the QAS-modified MCM-48 will give very low signal as most of the available hydroxyl groups reacted with the QAS.
Further information about the surface properties of the modified and unmodified materials was obtained via ζ-potential measurements and elemental analysis ( Table 1 ). The surface of the pristine MSN is positively charged at pH below its isoelectric point (IEP=pH 2.0) and negatively charged above the IEP. 47 . At the pH range from 1.5 to 9.5, the ζ-potential for the QAS modified nanoparticles was shifted significantly to positive values due to the presence of the positively charged quaternary ammonium groups on the surface of the materials instead of the negatively charged hydroxyl groups. Taking into consideration the high values of ζ-potential for the QAS modified materials (between +40 mV and +60 mV), we can hypothesise that the modified particles have good stability in colloidal suspensions. Further confirmation of the successful surface modification comes from the elemental analysis. The QC18 and QC14 modified particles showed significant increment of % C, % H and % N compared to the pristine MCM-48 due to the alkyl functional groups and the positively charged nitrogen groups of the covalently attached QAS moieties ( Table 1) .
The thermogravimetric analysis (TGA) was used to evaluate the amount of QAS grafted on the It is noteworthy that the QC18 modified MSNs presented higher antibacterial performance against E. coli and S. aureus in comparison with the QC14 modified MSNs. As mentioned previously, the surface of the QC14-modified MCM-48 is covered with QC14 molecules and 3-chloropropyltriethoxy silane molecules because after the quaternisation reaction of the QC14 there was residual 3-chloropropyltriethoxy silane. Therefore, the QC18 modified MCM-48 have higher amount of quaternary ammonium groups than the QC14 modified MCM-48 which is confirmed by the elemental analysis ( Table 1) . There are several studies supporting that increased numbers of quaternary ammonium groups results in increasing the antibacterial performance of the compound. 50, 51 In addition, according to the killing mechanism of the QAS, the longer the alkyl chain length of the quaternary compound the easier it penetrates the cell membrane and causes the death of the bacteria. As a consequence, the QC18 modified MCM-48 and 9.8% biofouling coverage respectively suggesting that even after the release of the encapsulated biocide, the QAS groups on the surface of the nanoparticles will continue to provide antifouling properties to the coating formulations.
Conclusions
The MCM-48 mesoporous silica nanoparticles with average size 400 nm were successfully synthesised as showed by the XRD, SEM and BET measurements. The synthesised materials presented XRD patterns characteristic for highly ordered 3D mesoporous structures. On the second step, the mesoporous silica nanoparticles surface modified with quaternary ammonium salts (either dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride (QC18) or dimethyltetradecyl [3-(triethoxysilyl) propyl] ammonium chloride (QC14)) were successfully synthesized revealing strong covalent bonds between the quaternary ammonium salts and the surface of the nanoparticles. The surface functionalisation was confirmed by FTIR, TGA, elemental analysis and ζ-potential measurements. The FTIR spectra for the modified materials showed 3 additional peaks confirming the presence of C-H bonds due to the attached QASs on the MCM-48 surface. The TGA curves showed 19%-28% wt. further weight loss for the modified MSNs due to the QASs calcination. The ζ-potential presented significant change of the surface charges from negative to positive (>80 mV) after the modification of the negatively charged silica with positively charged quaternary ammonium groups. To achieve dual synergetic effect, the synthesised materials were loaded with one additional biocide for an enhanced dual antibacterial/antifouling effect.
The encapsulation of the biocide Parmetol S15 was confirmed by the TGA curves where the loaded materials presented 31.5% wt. (QC18-modified) and 26.9% wt. (QC14-modified) of weight loss compared to the unloaded materials. In the antibacterial tests, all of the synthesised modified nanoparticles exhibited high antibacterial performance confirming their dual activity.
In the case of the QAS-modified MCM-48 loaded with the biocide Parmetol S15, all the exposed bacteria were dead at the end of the experiments for both antibacterial tests against Gram negative and Gram positive bacteria. Furthermore, the QAS-modified MCM-48 presented 77-89% reduction against gram negative bacteria and 78-94% reduction against gram positive bacteria. Finally, the modified nanoparticles were incorporated into coating formulations and their antifouling activity was assessed in a field test trial. All of the synthesised paints illustrated significant antifouling activity and the biofouling coverage was considerably lower compared to the biocide-free Pristine Paint. The results from the field test provide a confirmation of the dual antifouling activity of the synthesised nanoparticles that can be used as potential functional fillers for tin-free alternative paints in marine industry.
Through our approach, we propose for first time a quick and effective way to synthesise antibacterial nanoparticles with dual synergetic effect and excellent and permanent performance.
In our studies, we used a commercially available biocide for the encapsulation. However, due to the hydrophobic nature of the QAS-modified MSNs, other biocides or antibacterial agents can be used for the encapsulation. The modified particles with the dual synergetic effect can be excellent carriers of antibacterial/antifouling compounds for coating formulations in several applications such as hospitals, marine industry, etc.
Materials and methods

Materials:
For the synthesis of the MSNs, tetraethyl orthosilicate (TEOS 98%, SigmaAldrich) was used as the source of silica and hexadecyltrimethylammonium bromide (CTAB 99%, Sigma-Aldrich) was used as surfactant (structure directing agent). Ethanol (99.8%, SigmaAldrich) and ammonium hydroxide (32%, Merck) were used to carry out the synthesis of MSNs.
Dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride (QC18 60% in methanol, Acros Organics) and dimethyltetradecyl [3-(triethoxysilyl) propyl] ammonium chloride (QC14)
were the quaternary ammonium salts used for the surface modification of the MSNs. The biocide for the loading of the MSNs was Parmetol S15 (Schulke). The chemical composition of Parmetol is similar to SeaNine, as in both biocides the active compound is the 4,5-dichloro-2-octyl-4-isothiazolin-3-one (DCOIT). Parmetol S15 can be easier encapsulated into the mesostructure of our MSMs due to its better compatibility with the hydrophobic pore channel system of the QASmodified MSNs.
Synthesis of MSNs with average size of 400 nm:
The modified Stöber's method was used for the synthesis of MSNs as reported in Schumacher et al.. 31, 32 According to this method, spherical MCM-48 can be synthesized at room temperature. In a typical synthesis route, hexadecyltrimethylammonium bromide (2.6 g, 6.6 mmoles) was dissolved in a mixture of deionized water (120 mL) and pure ethanol (50 mL, 0.87 moles) and ammonium hydroxide ( 
Synthesis of dimethyltetradecyl [3-(trimethoxysilyl) propyl] ammonium chloride (QC14):
The dimethyltetradecyl [3-(triethoxysilyl) 
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